The dilepton final states, e + e − and µ + µ − , are the most clear channels for new heavy neutral resonances search. Their advantage is that the main irreducible background from the Standard Model Drell-Yan process contributes usually two orders of magnitude lower than the expected signal under the peak region. In this paper we are focused on the search of the excited neutral bosons Z ⋆ . At present only the ATLAS Collaboration is looking for such excitations at LHC. We compare our evaluations with the official collaboration results at 7 TeV, and present our estimations at higher centre-of-mass energies in pp collisions and different luminosities.
fermions in the resonance rest frame and a little bit contradicts to the common opinion about an expected signal from new physics at θ = 90
• . The background from the Standard Model Drell-Yan (DY) process contributes mainly to the central pseudorapidity region ∆η ≈ 0 from the intermediate γ/Z bosons, which have the minimal gauge couplings with quarks and leptons. The background can be suppressed up to 40% with appropriate cut ∆η > ∆η min ≈ 1.0 leaving the main part of the signal intact. This allows to enhance the significance of bump search for the excited bosons in the dilepton channels [12] .
However, for dijet final states the huge QCD background is exponentially dominated at high ∆η due to t-channel gluon exchanges, which possess a Rutherford-like distribution 1/(1 − cos θ) 2 . It is the reason ATLAS and CMS Collaborations to apply severe cut from above ∆η < ∆η max ≈ 1.2 ÷ 1.3 [5] . Such low value of ∆η max is optimal for resonance searches with nearly isotropic decay distributions, but is not optimal for the excited bosons, where the most of the signal is removed. Therefore, in order to optimize signal significance for the excited bosons the corresponding cut should be elevated [13] even allowing more background events.
In this paper we investigate hadron collider potential for excited bosons search in the most clear (dilepton) channels. Usually, using these channels leads to more severe constraints on resonance mass than from dijets channels. We compare our evaluations with the official ATLAS Collaboration results at 7 TeV [10] , and present our estimations at higher center-of-mass energies in pp collisions and different luminosities.
II. SIGNAL AND BACKGROUND SAMPLES
In order to generate signal and background samples we use the CalcHEP package [14] . Although the package allows to perform calculations only in Born (LO) approximation, using the same generator provides some uniformity between signal and background generation. With its batch and web-interface facilities the CalcHEP has become user-friendly program. Besides this, High Energy Physics Model DataBase (HEPMDB) system [15] and IRIDIS High Performance Computing cluster at the University of Southampton provide access to different theoretical models and fast computer nodes. The authors acknowledge the use of these facilities in the completion of this work.
We have used the simplified reference model ESM [9] for the excited bosons. The only "down-type" neutral Z ⋆ boson interacts both with quarks and charged leptons. Therefore, it can be produced at hadron colliders and can be seen in the leptonic final states in the DY process. To investigate the resonance shape in the invariant dilepton mass and other distributions for various resonance pole masses of Z ⋆ bosons many signal samples should be generated. In this paper we apply a template technique [16] both for signal and background samples. It allows to generate only one sample both for signal and background. The necessary distributions for the fixed pole mass M can be obtained by reweighting the corresponding samples.
The signal template sample is generated without Breit-Wigner pole mass factor
and with correction function
of luminosity decreasing at higher dilepton invariant masses m. It can be realized using CalcHEP user function usrFF.c. The latter correction (4) is fulfilled to ensure the same relative errors in reweighted samples regardless of the resonance pole mass. This can be achieved by choosing the constants α and β in such a way that the resulting template distribution decreases inversely with the invariant mass, namely C/m. Therefore, it should be flat in logarithmic invariant mass scale (see Fig. 2 ). Since the total resonance decay width into fermions
is proportional to the resonance mass, the dimensionless variable x = m/M can be introduced in (3) . Then the total number of events and the absolute error after reweighting can be estimated in the resonance vicinity x ∼ 1 as
It is valid only for narrow resonances and infinite detector resolution. From eqs. (6) and (7) it is clear that the relative error in the reweighted sample will be approximately the same for any resonance mass from the range [M min , M max ] and proportional to
where N is the total number of generated events in the template sample. In Fig. 2 the LogFlat signal template distribution at √ s = 8 TeV is shown, which contains 1 Mevents. The special bin size g 2 m/4 ≈ 0.1m is selected to show the number of events, which dedicated sample for a fixed pole mass should contain in order to achieve a comparable precision with the reweighted sample from the given template (see eq. (8)). To validate this statement a comparison between distributions for dedicated sample of 2.5 TeV pole mass resonance produced at √ s = 8 TeV containing 30 kevents and reweighted template sample is shown in Fig. 3 . To derive the exclusion limits and the discovery potential we should compare the signal and the background. In this paper the simplest "number counting" approach is adopted, which is based on the comparison of the expected rate of events for the signal and the background processes. From these rates, and assuming Poisson statistics, one can determine the probability that background fluctuations produce a signal-like result according to some estimator, e.g. the likelihood ratio.
For the narrow resonances the bulk of events populates the vicinity around the peak [M − kΓ, M + kΓ]. The relative ratio of the signal events in this region to the total events number can be estimated using eq. (3) as
If we assume that the background contribution is proportional to the size of the on-peak region b ∼ k, we can estimate analytically the maximum of the signal significance on k using the formula from Appendix A of Ref.
[17]
which follows directly from the Poisson distribution. We will use this equation for estimation of discovery potential.
The corresponding curves as a function of the window size are shown in Fig. 4 . The middle curve reaches maximum at k ≃ 3 for s/b ≃ 43.8, which corresponds, for example, to resonance production with M = 3.25 TeV at √ s = 8 TeV. The upper and bottom curves correspond to 10 times bigger and lower signal to background ratios, respectively. They reach maxima at a little bit bigger and lower size windows than the middle curve, correspondingly. It is in a good agreement with the numerical calculations (see Fig. 2 from [18] ). In the following we will use the optimal average value k = 3.
However, in the muon channel the experimental p T resolution increases as p 2 T at high muon momenta. It means that at some point we cannot neglect anymore the experimental resolution in comparison with resonance width, which increases linearly with resonance mass (see eq. (5)). Therefore, in this case we cannot choose the optimal window due to experimental resolution and oblige to increase it allowing more background, that directly affects the discovery potential and the exclusion limits in the muon and combined channels. We are thankful to Igor Boyko for this remark.
III. EXCLUSION LIMITS AT
√ s = 7 TEV AND COMPARISON WITH ATLAS RESULTS.
At present only the ATLAS Collaboration is looking for a production of the excited Z ⋆ bosons [10, 19] . In 2011 the ATLAS Collaboration collected 4.9 fb channel at a center-of-mass energy of 7 TeV. The 95% CL observed and the expected exclusion limits are shown in Table I [10]. The combination of the dielectron and dimuon channels is performed under the assumption of lepton universality. The combined limit on the cross section times branching fraction (σBr) expected from theory is around 0.7 fb and can be read from Fig. 4 of [10] . Since there are no events above 2 TeV dilepton invariant mass and the background is very small, the observed and expected limits are nearly the same.
The ATLAS Collaboration has used the Bayesian approach [20] with a flat, positive prior on the signal cross section to determine an upper limit on the number of signal events. In this paper we will use more simple "number counting" approach for the exclusion limit and the discovery potential evaluations with many other approximations. Nevertheless, we will show that our limit estimations are in agreement with the official ATLAS results.
Since there is not yet a deviation from the Standard Model distributions only the exclusion limits can be evaluated. To do this we will use an approximate computation of the confidence level for combining searches with small statistics [21] . The [M − kΓ, M + kΓ] on-peak region with k = 3 has been used for event counting in both channels for the resonance masses below 2 TeV. However, due to bad experimental resolution in the muon channel for the resonance masses above 2 TeV we assume k = 3M [TeV]/2 TeV. We will take into an account only the leading Z/γ DY background and neglect many subdominant backgrounds, like QCD, tt, diboson and W + jets.
The number of the expected events, recorded in the detector and that have passed a selection criteria, depends on many factors, which can be expressed through the overall event acceptance times efficiency (Aǫ). So, for a Z ′ boson of mass 2 TeV decaying into a dielectron final state the overall event Aǫ is about 66%, while for the muon channel this factor is only 43% for the ATLAS detector during 2010 data taking period [19] . To be specific, we will accept the following rounded overall event Aǫ numbers for the ATLAS detector: 70% for the electron channel and 40% for the muon channel, both for signal and background.
In order to follow closely as possible the ATLAS analysis in this section we will use the same PDF set, CTEQ6L1 [22] , used by ATLAS for signal generation. Since only the central value is available for the CTEQ6L1 PDF set, the closest set, CTEQ61 [23] , is used to estimate systematic PDF uncertainties (see Table II ).
The PDF uncertainties dominate at high dilepton invariant masses. Therefore, we will use only them as systematic uncertainties. Using program eclsyst.f [21] we get the following limits on Z ⋆ mass: 2.01 TeV in the muon channel and 2.15 TeV in the electron channel. Their combination excludes at 95% confidence level Z ⋆ masses below 2.25 TeV and σBr > 0.7 fb. The obtained results are very close to the official ATLAS results and convince us to investigate the LHC potential at higher center-of-mass energies. ] on-peak region and maximal relative uncertainty due to PDF variation (at 90% C.L.) with CTEQ61 set.
IV. EXCLUSION LIMITS AT
√ s = 8 TEV.
In 2012 the ATLAS experiment recorded 20 fb −1 of good data both in electron and muon channels at √ s = 8 TeV. Again good agreement between the data and the background expectation was found [24] . However, limits only on the Z ′ Sequential Standard Model boson, E 6 gauge bosons and a spin-2 Randall-Sundrum graviton have been set so far. There are still no events observed by ATLAS [24] above 2 TeV dilepton invariant mass and the observed and expected limits are nearly the same.
In this paper we precede the official ATLAS results on the excited boson search and evaluate exclusion limits on
The analysis is fulfilled in the same lines as in the previous section. The only difference, that we will use more recent MSTW2008lo PDF set [25] for signal and background generation. The corresponding PDF systematics are presented in Table III Figure 5 shows the 95% C.L. expected exclusion limits on σBr for the electron and muon channels. The combined limit is shown in Fig. 6 . Table IV summarizes the constraints on the resonance mass and σBr of Z ⋆ boson. In 2015 the LHC will increase the center-of-mass energy up to the design value. In this section we will estimate the discovery potential and the exclusion limit, if no deviation from the Standard Model will be observed. For discovery potential estimation we use eq. (10) with S CL = 5. At the first stage the center-of-mass energy could be 13 TeV. Therefore, we will consider first this possibility.
The corresponding cross sections and PDF systematic uncertainties are presented in Table V . Depending on the luminosity they give the following results shown in Fig. 7 . It is interesting to note that higher center-of-mass energy at Run 2 allows to probe higher resonance masses than at Run 1 already with 1 fb −1 of an integrated luminosity.
The designed √ s = 14 TeV requires new templates and systematics (see Table VI ), which only slightly deviates from the previous case.
The final results are presented in Fig. 8 . In particular, LHC Run 2 can discover Z ⋆ up to about 5.3 TeV or exclude it in case of signal absence up to resonance masses of 5.5 TeV. The High Luminosity LHC with 3000 fb −1 of an integrated luminosity can extend that reach in case of a signal to about 6.2 TeV for discovery or exclude it up to about 6.4 TeV. At the end of the paper we will investigate also the discovery potential and the exclusion limits for the excited boson search in the case of the highest center-of-mass energy, √ s = 33 TeV. The corresponding data are given in Table VII . The discovery potential and the exclusion limits on the excited boson resonance mass depending on the integrated luminosity are presented in Fig. 9 . The plots show that High Energy LHC can probe around two times heavier resonance masses at the same integrated luminosities than at Run 2.
VII. CONCLUSION
In this paper we have considered the discovery potential and the exclusion limits on the excited boson search in pp collisions at the LHC for the different center-of-mass energies and different luminosities. In particular, LHC Run 2 can discover Z ⋆ up to about 5.3 TeV, while the High Luminosity (HL) LHC can extend that reach to about 6.2 TeV. The High Energy (HE) LHC can probe around two times heavier resonance masses at the same integrated luminosities.
